I. Introduction
Signal transduction of many hormonal, neurotransmitter and sensory stimuli from membrane receptors through G-protein mechanisms involves members of several large gene families. The archetype of such systems is the visual cascade that occurs in vertebrate retinal rod photoreceptors. Rhodopsin is one member of a large family of serpentine protein receptors that have a 7-transmembrane domain motif. Upon excitation rhodopsin interacts with transducin, one of many G proteins. Rhodopsin is subsequently phosphorylated by rhodopsin kinase, one of the receptor-specific kinases. In the process of receptor down-regulation that follows, a protein called S-antigen or arrestin interacts with the activated, phosphorylated rhodopsin to complete its return to the quiescent state. We hypothesize that unique arrestin families exist for each of the receptor families that function in this manner, and, furthermore, arrestins constitute a superfamily of regulatory proteins.
Support for this hypothesis continues to mount as new arrestin families are discovered and described . Four vertebrate arrestin families are now recognized: S-antigens (SAG) involved with retinal rod function; fl-arrestins (BAR 1 and BAR2) involved withfl-adrenergic receptors; and retinal cone arrestins (CAR) associated with retinal cone function. The latter family is the most recently established and has a single described member, human cone arrestin [1, 2] . Elucidation of the visual transduction mechanism has depended heavily upon the mammalian rod photoreceptor model. Analogous studies of the high level of visual acuity and perception of color initiated by cone stimulation are fragmentary because the proteins in this pathway are not known in detail yet. The mammalian retina is a duplex structure generally dominated by rods except for the central fovea and its high cone concentration. It has been suggested that early mammalian ancestors were nocturnal and this experience set the stage for retinal evolution different from that of non-mammalian vertebrates. Primates appear to have diverged from this pattern and acquired trichromacy in a recent evolutionary step. While primate color vision is probably most highly developed among mammals, other vertebrate classes appear to have evolved cone dominated retinas and exquisite color vision [3] .
Against this evolutionary background, we chose to examine the retina of Xenopus laevis to further our understanding of cone arrestin distribution, structure and function. Not only is Xenopus the principle amphibian biological model system [4], but it is phylogenetically distant from mammals and possesses color vision. Its retina contains four photoreceptor classes: a green rod, a red rod, double cone and a single cone. The objectives of this study were to determine if cone-like arrestins were used in amphibian visual processes and, if present, to compare the primary structure(s) with the human cone arrestin.
Materials and methods

Xenopus tissue and cDNA library
Male Xenopus laevis were purchased from Carolina Biological Supply Co. (Burlington, NC). Animals were anesthetized and pithed prior to tissue removal. Surgical removal of tissues was performed in a darkroom under dim red light. All tissues were immediately frozen on dry ice and subsequently stored at -70°C until RNA extraction.
RNA preparation
Total RNA was extracted from liver, heart, brain, retina, spleen and testes using previously published methods [5, 6] .
Library screening
Xenopus arrestins were identified by screening a 2ZaplI Xenopus laevis retinal cDNA library (kindly provided by Drs. K. Green and J. Besharse). Retinal tissue used to construct this library was isolated from animals four hours after dark onset. An [c~-32p]dCTP-labeled random primed cDNA probe used to screen the library was the complete coding region (nucleotides +146/-1040) of human cone arrestin (hrCAR5B) [2] . Cross species identification for the screen was determined empirically utilizing lower prehybridization and hybridization stringency conditions of 30% formamide, 37°C and a final wash of 0.5 x SSC, 40 ° C). 1 110  120  130  140  150  160   I  )  I  I  I  I   GAT GGA ATG ATC ATA ATT GAC C~' G~ TAT ~  ~AG GAC I~G ~  GTC TTT GTG   D  0  M  I  I  I  D  P  E  ¥  Q  K  0  K  K  V  F  Y   170  180  190  200  210   J  1  I  J  1   ACC C'rc GCT TGT ACT TTT CGT TAT GGA CGA GAT GAC CAT GAG CTC ATT GGC TI~   T  L  A  C  T  F  R  Y  0  R  D  D  H  E  L  I  G  L   220  230  240  250  260  270   I  I  I  I  J  I ~C ~T I~G ~G G.~A ~1~ "l~C ~ CTG CAT TGT CAG 0~ TAC CCC CCA C'~ CCT 
DNA sequencing
Both strands of the cDNA were sequenced by the dideoxy chaintermination method [7] using Sequenase DNA kit V. 2.0 (USB, Cleveland, OH).
Data analysis
DNA sequences were analyzed with the computer program PCGENE (IntelliGenetics, Mountain View, CA). Homologous arrestin amino acid sequences were aligned using the CLUSTAL V program [8] . Arrestin gene trees were constructed with subroutines of the MEGA package [9] .
The extent of variation at each residue position of the aligned verte- 
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• LG ,  o  °  ,  ,  ,  ,  ,  ,  o  °  ,  ,  ,  °  ,V,  ,  . ,., , , Fig. 3 . Deduced amino acid sequences of 18 arrestin proteins aligned by CLUSTAL V. Human S-antigen (HU SAG) [13] , rat S-antigen (RAT SAG) [14, 5] , mouse S-antigen (MUS SAG) [15] , bovine S-antigen (BOV SAG) [16] , humanfl-arrestinl (HU BAR1) [17] , rat fl-arrestinl (RAT BAR1) [17, 5] , bovine fl-arrestin 1 (BOV BAR 1) [19] , human fl-arrestin2 (HU BAR2) [20] , rat fl-arrestin2 (RAT BAR2) [18, 2] , bovine fl-arrestin2 (BOV BAR2) [21] , human cone arrestin (HU CAR) [1, 2] , Drosophila melanogaster arrestin I (D. mel I) [22, 23] , Drosophila melanogaster arrestin II (D. mel II) [24, 25] , Drosophila miranda arrestin (D. miranda) [26] , Limulus arrestin (LIM) [27] , Loeusta arrestin (LOCUST) [28] , and Heliothis arrestin (Heliothis) [28] . Gaps (-) were introduced to obtain maximum similarity. Dots (.) indicate residue identity when compared to human SAG. Single-letter abbreviations for amino acids are used: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, lie;, K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Glu; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; Y, Tyr. Primary structure analysis was performed by the PROSITE subroutine in PCGENE. Dashed arrows with accompanying Vs are regions of pronounced variability. Solid bars indicate highly conserved regions designated as 'arrestin signatures'. Boxes with MAB 5C6.47, C 10CI0, and A9C6 mark antigenic sites for each of these antibodies [29, 30] . The designation AS8 marks a position of alternative splicing in the BAR gene [31] . Circled numbers are possible motifs highlighted by PROSITE: 1, cGMP-dependent protein kinase phosphorylation site; 2, protein kinase C phosphorylation site; 3, tyrosine kinase phosphorylation site; 4, ATP-GTP binding motif (P 1 loop).
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brate arrestins was estimated by moving a window 10 × 12 amino acids in dimensions sequentially down the aligned arrestins. This produced 45 blocks of information. Within each block, substitutions at each site were counted as 1.0 unless the replacement was with an amino acid of the same group (groups: KHR, C, DENQ, GP, AST, ILMV, and FWY) [10] in which case a value of 0.5 was recorded for these conservative substitutions. Each block possessed 120 positions unless gaps were present. The divergence index value for each block was calculated by dividing the sum of the substitution values by 120 minus the number of gaps. Divergence index values ranged from 0 to 1: 1 would indicate non-conservative substitutions at every site in the block, and 0 would result if no substitutions were observed within the block.
Results and discussion
Isolation of Xenopus arrestin cDNAs
The cDNA recombinants represent two different types of retinal arrestin. Ten cDNAs were identified on low stringency hybridization from an initial screen of 3 x 105 recombinants, plaque purified and excised into pBluescript after the tertiary screen. One set of clones did not hybridize with the human cone arrestin (HCAR5B) cDNA probe at increased wash stringency. One of these (XrSAG9bl2, 613 nucleotides) has been sequenced and, based on translated amino acid, is a partial cDNA encoding an SAG-like arrestin (data not shown). The second set of cDNA clones continued to hybridize with the HCAR probe through high stringency wash conditions (0.1 x SSC, 60°C). Both strands of one complete cDNA (XrCAR7b31, 1356 nucleotides) were subsequently sequenced and found to translate into a 387 amino acid cone-like arrestin (Fig. 1). 
Arrestin mRNAs are different sizes and enriched in retina
The retinal mRNA encoding Xenopus SAG arrestin was approximately 1.9 kb while that encoding the Xenopus CAR arrestin was about 1.7 kb (Fig. 2) . Each mRNA was identified using a verified cDNA of XrSAG9b 12 or XrCAR7b31, respectively, as a radiolabeled probe for the Northern blot. Both probes identified a distinct, single mRNA in retina. Additionally, XrSAG9bl2 mRNA was also observed in brain and testes (data not shown). The mRNA size differences may be due to the smaller size of CAR proteins compared to SAGs, but verification awaits the completion of sequencing a full-length Xenopus SAG cDNA.
Arrestin motifs
Gene duplication leading to the foundation of families of genes whose members have distinct but related functions is a major tenant of the concept of adaptive evolution [11, 12] . One approach to the assessment of adaptive evolution is to examine many protein sequences from divergent species in order to examine the evolution of the protein family as it maintains functional similarity. The arrestin multigene family consists of four recognized families of arrestins with evidence of the existence of at least one more. The established families are best characterized by the vertebrate arrestins and are (1) rhodopsin arrestins or S-antigens, (2)fl-arrestins 1, (3)fl-arrestins 2 and (4) cone arrestins. The insect retinal arrestins probably represent a fifth family, the olfactory or chemosensory arrestins. Confirmation of the existence of this family awaits the discovery of vertebrate homologs.
The sequenced Xenopus cDNA was translated and the deduced amino acid sequence was aligned with 17 other deduced arrestin amino acid sequences from both invertebrate and vertebrate species representing four families of the arrestin superfamily (Fig. 3) . A divergence index value was calculated for each of 45 blocks of amino acids. The invertebrate arrestins were so divergent not only from the vertebrate arrestins but from one another they contributed little to pattern recognition and were eliminated from this analysis. The sequential display of the calculated divergence indices revealed 7 variable (V1-V7) and 4 conservative (C1-C4) regions (Fig. 4) . Most of the variable regions highlighted by this analysis bear a striking characteristic: the sequences are generally conserved among arrestin family members, but highly divergent between the families. For example, V5 (between aa 249-300) is the most extensive region of divergence in the superfamily. Within this segment there are many amino acid differences between the four arrestin families resulting in high divergence indices, but upon close examination of this region, one is struck by the marked intrafamily conservation. This combination of characteristics is often viewed as indicative of members of a multigene family that have diverged, but conserved regions that are specific to the function of each of the families. Arrestin families diverge at both the N-and C-terminus. Much discussion has focused on the C-terminal domain regarding its role in receptor specificity. The truncated Drosophila arrestin I and Heliothis arrestin have challenged this concept. In addition, a splice variant of bovine SAG, named p44, with a truncated C-terminus was recently identified and localized to the rod outer segment during retinal dark-adaptation. This splice variant was shown to be a much more potent inactivator of phototransduction [31, 32] . Perhaps the C-terminus does not directly participate in the receptor interaction, but rather governs arrestin tertiary structure or configuration changes that occur during receptor interaction. Alternatively, increased [36] . Circled numbers resulting from 1000 bootstrap replications, indicate the percentage of times the branches were included in a bootstrap tree with a topology identical to the original NJ tree. functional interaction or specific binding with other proteins may occur without the C-terminus. Domains C1-C3 are conserved across the superfamily. One of these, C1 spanning aa 79 97 is cited in PCGENE's subprogram PROSITE as the 'arrestin signature'. The third domain (C3) occurs between aa 304 and 324 and is more conservative than C1. C1 and C3 are fundamental domains of all arrestins and, therefore, are worthy of the designation as 'arrestin signatures'.
Each arrestin was compared to a catalog of known structural motifs in PROSITE to identify possible functional domains. Four different putative functional domains were identified by this analysis and are designated in Fig. 3 as l, possible cGMPdependent protein kinase phosphorylation sites; 2, possible protein kinase C phosphorylation sites; 3, possible tyrosine kinase phosphorylation site; and 4, possible ATP-GTP binding motif (also called a P loop). Invertebrate arrestins were viewed as too divergent to be included with the vertebrate arrestin PROSITE analysis.
Downstream from the C2 domain between 170 201 of the aligned sequences in Fig. 3 , a boxed area rich in the basic amino acids, arginine and lysine is located. It has been repeatedly suggested this region of SAG is a putative binding site for phosphorylated rhodopsin as well as heparin [ 34, 35] . It is evident in comparisons across the arrestin families that these basic amino acids are conserved in all the families. It is tempting to speculate that a fundamental aspect of all arrestin families is to interact with phosphorylated receptors and that part of this interaction takes place at this domain.
Relationship of Xenopus CAR to the arrestin gene tree
From deduced and aligned arrestin amino acid sequences a data matrix of amino acid similarities and differences was computed by MEGA (Molecular Genetics Analysis) [9] for each pair of arrestins. The matrix data (Fig. 5A ) are arranged to show the numbers of amino acid differences between each arrestin pair (below the diagonal line) and the percent similarity between each pair (above the diagonal line). Gaps in the aligned sequences were handled using the pairwise-deletion option that computes distances for each pair, ignoring only those gaps that are involved in the comparison. An arrestin gene tree was constructed using the distance method neighbor-joining [36] in MEGA which calculates a pairwise evolutionary distance for all arrestins (Fig. 5B) . Reliability of the gene tree structure was evaluated by 1000 bootstrap replications. The percentage of times each branch node appeared in a tree is noted. A nearly identical gene tree was produced by the parsimony method in PAUP [37] (data not shown).
Except for the near identity of D. melanogaster arrestin II and D. miranda arrestin, the invertebrate arrestins are surprisingly divergent. In the following diagram, arrestin families are compared based on amino acid similarities. These data reveal that the known invertebrate arrestins are surprisingly divergent, except for the D. melanogaster arrestin II and D. miranda arrestin, and are in concordance with the more detail relationships depicted by the gene tree.
Part of invertebrate arrestin divergence might be explained by substantial phylogenetic distances between some of the species as well as the liklihood of a mixture of two arrestin families in this category. Two of the invertebrate arrestins (Heliothis and Locusta) were isolated from antennae and perhaps represent the first members of a fifth arrestin family yet to be described, the olfactory or chemosensory arrestins. The remaining arrestins were all isolated from eyes. The two most closely related invertebrates in this analysis, D. melanogaster and D. miranda are thought to have diverged about 45 million years ago [26] and since that time the arrestin gene of D. miranda has become X-linked while those of D. melanogaster remained autosomal. Although mammalian SAG is autosomal, human cone arrestin maps to the X chromosome and is a candidate gene for cone dystrophy [2] .
In sharp distinction to the invertebrate arrestins, the known vertebrate arrestins exhibit high intrafamily homology, with the exception of the two cone arrestins. The extent of divergence seen between the CARs is undoubtedly exaggerated by the phylogenetic distances between their sources. Amphibians are thought to have arisen about 345 million years ago, while mammals first appeared about 80 million years ago. The only known members of the other three arrestin families all come from mammals. The CAR family is more closely related to the two BAR families than to the SAG family. Tree data suggest an early gene duplication event that gave rise to the SAG branch and a second branch which experienced another gene duplication event that gave rise to the two BAR families and a CAR family.
Evolutionary perspectives
All vertebrate classes have members with color vision, but it appears to be most highly developed in birds. Unlike other vertebrate classes, mammals are thought to have arisen from nocturnal ancestors whose influence on visual processes is still strongly evident: cones are usually few, often of two types, while hyoids and oil droplets seen in the visual systems of other vertebrates are lacking. Primates are the exception to this mammalian heritage, in that primates have trichromatic vision. Rhodopsin may have evolved from cone pigments [38] , which implies that daylight vision, not twilight vision is the more ancestral state. If this assessment is correct, cone arrestins may be more ancient than rhodopsin arrestins (SAGs). Further analysis of arrestins from other vertebrate classes will add perspective to our emerging view that arrestins have distinct and ancient histories that contribute to the genealogy of the arrestin superfamily.
